The fine structure of bivalents in metaphase I spermatocytes of two Lepidoptera species, Orgyia thyellina Butler (n = 11) and 0. antiqua (L.) (n = 14) (Lymantriidae), and a Trichoptera species, Limnephilus decipiens (Kolenat) (n = 10) (Limnephilidae) were studied using a series of ultrathin sections and transmission electron microscopy. The bulk of species in both orders possess a haploici chromosome number of about 30. Thus, the experimental species have relatively small chromosome numbers. This study showed that metaphase I bivalents in both Lepidoptera species are polykinetic; attachment of kinetochore microtubules is found scattered throughout the entire poleward chromosomal surface. The microtubules were inserted in material of medium electron density. A pair of distinct kinetochore plates, consisting of material of about the same electron density as the chromatin, was detected at each poleward chromosomal surface in metaphase I bivalents of the caddis-fly, L. decipiens. The observations suggest that DNA elements responsible for the organization of the kinetochores are dispersed throughout the chromosomes in the two Lepidoptera species, whereas they are narrowly clustered in the Trichoptera. Thus, karyotype evolution in the closely related Lepidoptera and the Trichoptera involved widely differing mechanisms.
Introduction
The insect orders Lepidoptera and Trichoptera are considered sister groups on the basis of about 20 synapomorphies, common characteristics derived from a common ancestor (Kobayashi & Ando, 1988; Kristensen, 1991; Neboiss, 1991; Nielsen & Common, 1991) . Several synapomorphies also apply to properties of the karyotype. In both orders, females are the heterogametic sex and female meiosis is of the achiasmatic type (Suomalainen, 1966; Traut & Mosbacher, 1968) . Fine structure studies involving two Lepidoptera species, the Mediterranean flour moth Ephestia kuehniella (Wolf & Traut, 1991) and the silkworm Bombyx mon (Holm & Rasmussen, 1980) , and a Trichoptera species, Anabolia furcata (Wolf et a!., 1992) revealed that the architecture of bivalents in metaphase I spermatocytes is very similar. In all cases, two distinct kinetCorrespondence. E-mail: marec@entu.cas.cz 1997 The Genetical Society of Great Britain.
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ochores were found at each poleward surface of the chromosomes. The kinetochores consisted of plates of medium electron density that were in contact with microtubules (MTs). Ephestia kuehniella (Pyralidae) and B. mon (Bombycidae) have a haploid chromosome number of 30 and 28, respectively (Traut & Mosbacher, 1968; Traut, 1976; Holm & Rasmussen, 1980) . The caddis-fly, A. furcata (Limnephilidae), has not been precisely karyotyped, but published micrographs of a chromosome spread suggest that the haploid chromosome number is around 30 (fig. 5 in Wolf et al., 1992) . Similarity between representatives of both insect groups with about 30 chromosomes is not restricted to chromosome structure in meiosis. In metaphase spermatogonia, kinetochore plates cover around 40 per cent of the chromosomal length (Gassner & Klemetson, 1974; Wolf et al., 1992) .
Information on the kinetic organization of chromosomes in Lepidoptera and Trichoptera species with exceptionally small chromosome numbers is scarce. In any case, electron microscopy is required because Lepidoptera chromosomes are unusually small (Goodpasture, 1975) . In a previous fine structure study, the presence of polykinetic metaphase I bivalents has been mentioned in Orgyia thyellina Butler (Lymantriidae), a moth with a haploid set of 11 chromosomes (Wolf et al., 1987) . In other words, MT contacts were found scattered throughout the entire poleward surface of the chromosomes. The emphasis of the study was, however, on the comparison of eupyrene and apyrene meiosis and chromosome structure was not documented in detail. In brief, Lepidoptera show double spermatogenesis. Eupyrene meiosis gives rise to spermatids which transform into fertilizing sperm, whereas apyrene meiosis leads to a non-fertilizing sperm variety (Meves, 1903; Wolf, 1994) . In the present article, which is only concerned with eupyrene meiosis, we dwell on the kinetic organization of metaphase bivalents in primary spermatocytes of 0. thyellina. In addition, we present information about bivalent structure in eupyrene spermatogenesis of another species of the same genus, 0. antiqua (L.), which possesses a haploid Set of 14 chromosomes (Cretschmar, 1928) . Also in this species, spindle fine structure has been previously described (Wolf, 1990) , but information on the kinetic organization of the bivalents is missing. Because only eupyrene spermatocytes are involved, we dispense with this attribute in the text when Lepidoptera are addressed.
The findings in the Lepidoptera species are compared with those in a Trichoptera species, Limnephilus decipiens (Kolenat) (Limnephilidae), with a haploid set of 10 chromosomes (Klingstedt, 1931 ; for a compilation of chromosome numbers in the Trichoptera, see Lankhorst, 1970) .
Materials and methods
An/ma/s Wild-type last instar larvae of 0. thyellina and 0. antiqua were kindly provided by Sir Cyril A. Clarke (Liverpool, UK) (cf. Wolf et a!., 1987; Wolf, 1990). Prior to preparation, the animals were maintained for several days in the laboratory and fed with hawthorn (Crataegus oxyacantha).
Second to third instar larvae of L. decipiens were collected in 'Domin' pond near Ceské Budéjovice in May 1993, maintained in an aquarium and fed with reed leaves (Phragmites communis), lettuce leaves (Lactuca sativa), and dead cricket larvae (Giyllus domesticus). At the beginning of June, fully grown larvae were placed in the refrigerator to prevent pupation, and then transferred in a highly humid atmosphere for dissection to Lübeck. In this species, which undergoes imaginal diapause in native conditions (Novak & Sehnal, 1963) , the larvae approaching pupation appeared to be optimal for preparation of meiotic chromosomes in metaphase I (cf. Le Lannic, 1975) .
Preparation for e/ectron microscopy The preparation procedure has been described previously (Wolf, 1994) . In brief, the dissected gonads were transferred to Ringer solution (Glaser, 1917 : cited by Lockwood, 1961 In 0. thyellina, one longitudinally sectioned and one cross-sectioned metaphase I plate have been recorded using series of consecutive sections. In 0. antiqua and L. decipiens, it has been one longitudinally sectioned metaphase I spindle in each. In all cases, primary spermatocytes were studied, and the findings were confirmed by inspection of about six neighbouring cells of the same developmental stage and taken from the same cyst.
Results

Orgy/a thye//ina
The fine structure of metaphase I spermatocytes of 0. thyellina has been described previously. In brief, the spindle area was surrounded by a multilayered sheath of membranes structurally reminiscent of agranular (smooth) endoplasmic reticulum (ER).
Membranous elements were also scattered throughout the spindle area. The spindle poles were marked by pairs of basal bodies continuous with flagella (Wolf et a!., 1987) . In the present study, the kinetic organization of bivalents was analysed in a serially cross-sectioned metaphase I spindle. A total of 11 chromosomes could be identified as individuals and they were very similar. Serial cross-sections through the poleward surface of one bivalent, situated in the spindle periphery, are depicted ( Fig. la-i ). At least five major kinetochore MT bundles were in contact with the poleward chromosomal surface. The MTs penetrated up to seven sections, about 500 nm, into the chromatin. Material of lesser electron density was found at the MT ends. The MT ends were scattered throughout the chromosomal surface. Thus, the previous assessment that bivalents in male meiosis of 0. thyellina are polykinetic (Wolf et al., 1987) has been confirmed.
Orgy/a ant/qua
The overall architecture of metaphase I spermatocytes of 0. antiqua and, in particular, the structure of the spindles were very similar to that in 0. thyellina (cf. Wolf, 1990 ). There was a prominent layer of perispindle membranes and also intraspindle membranes were abundant. Longitudinal serial sections through metaphase I spindles were inspected in order to determine the kinetic organization of the bivalents. These never showed lateral contacts with one another. Independent of the size, the chromosomes were very similar. MT bundles were attached to the poleward chromosomal surfaces. A preferential location of the MT ends was not detectable. The MT ends were scattered throughout the entire surface. The MT ends were embedded in material of lesser electron density. At several sites, threads of electron-dense chromatin extended for 400-600 nm from the chromosomal surfaces ( Fig. 2a-l) . As in 0. thyellina, this indicates that the MTs penetrate into the chromatin.
Limnephilus dec/p/ens The analysis of serial longitudinal sections through metaphase I spindles in testes of the caddis-fly revealed a conventional bipolar spindle apparatus. Spindle-associated membranes were scarce. Only few membranous sheets reminiscent of the smooth ER were found. In contrast with the Lepidoptera species described above, the bivalents showed a few lateral contacts. Nevertheless, most chromosomes could be identified as individuals. Independent of the sizes of the bivalents the kinetic organization was very similar. As a rule, the chromosome surfaces were relatively smooth. The individual bivalents possessed two distinct kinetochore plates at each poleward surface, representing the kinetic apparatus of two sister chromatids. Thus, each bivalent showed a total of four kinetochore plates. In small bivalents, the centre-to-centre distance between the individual kinetochore plates of the sister chromatids was about 600 nm ( Fig. 3a-d) . In large bivalents, this distance was up to 1.3 tm (Fig. 4a-d) . The kinetochore plates laid in shallow recesses of the chromatin. Although they showed about the same electron density as the chromatin, the kinetochore plates could be readily distinguished, because they were separated by a transparent gap from the underlying chromatin. The kinetochore plates were disc-shaped with a diameter of 200-250 nm. An inner kinetochore layer, as we know it from mammalian kinetochores (cf. Rieder, 1982) , was, however, not observed in bivalents of the caddis-fly. The kinetochore plates were in contact with MT bundles. The chromosomal surfaces, laterally located with respect to the kinetochore plates, were largely devoid of MT contacts.
Discussion
Bivalent structure in male meiosis of Lepidoptera and Trichoptera species with chromosome numbers around 30 is very similar. Each poleward chromosomal surface possesses two individual kinetochore plates and MTs are connected with the material. The kinetochore plates are, however, slightly less distinct in the Lepidoptera (Holm & Rasmussen, 1980; Wolf & Traut, 1991; Wolf et al., 1992) . Lepidoptera and Trichoptera are considered monophyletic sister groups (Kobayashi & Ando, 1988) . It is therefore a strong possibility that the common ancestors of the Lepidoptera and Trichoptera shared the bivalent architecture described above. A similarity of the commonest haploid chromosome numbers, n = 31 in the Lepidoptera and n = 30 in the Trichoptera, was interpreted as another synapomorphic trait of the sister groups (Suomalainen, 1966 (Suomalainen, , 1969 . Indeed, chromosomal variance in the Lepidoptera shows a marked mode at 28-3 1 throughout most families (Suomalainen, 1969; Robinson, 1971; White, 1973) . Representatives of the most primitive lepidopteran families do not differ from the others in this respect (n 31-32; Suomalainen, 1969) . Identification of the type chromosome number in the Trichoptera appears, however, incorrect. Kiauta (1971) argued that the number of n = 30 cannot be regarded as the true type number of Trichoptera, although it was most frequently reported. In fact, the n = 30 complement is typical of the most advanced family Limnephilidae but has not been found in any other family examined so far (see Lankhorst, 1970) . On the other hand, relatively high chromosome numbers, ranging from n = 22 to n = 30, predominate in most studied chromosome numbers, n = 13 and n = 15 (see the Ross' phylogenetic tree of Trichoptera in Kiauta, 1971) . Taken together, it is likely that the common ancestor of the Trichoptera and Lepidoptera had a high haploid chromosome number close to 30.
Hence, low numbers of chromosomes, in particular
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in the Trichoptera, could have repeatedly evolved as a derived character in different families. The divergence of the two orders involved a series of changes. Higher Lepidoptera, for example, form two morphologically and functionally different sperm types (Meves, 1903; Wolf, 1994) most primitive Lepidoptera and all Trichoptera produce only one sperm type (Friedländer, 1983; Sonnenschein & Häuser, 1990; Hamon & Chauvin, 1992) . At the cellular level, meiotic spindles in male Lepidoptera show an abundant set of spindle-associated membranes, whereas the Trichoptera spindles have a relatively poor membrane inventory. The abundance of intraspindle membranes, which is typical of male meiosis in the Lepidoptera (Wolf, 1995) , may be responsible for the strict separation of the individual bivalents in metaphase I spindles of 0. thyellina and 0. antiqua. The poor intraspindle membrane system of L. decipiens renders it possible that chromosomes laterally associate with one another.
The present study showed another diverging cellular trait: the kinetic organization of metaphase I bivalents in male meiosis of representatives with small chromosome numbers. The bivalents of two Lepidoptera species, 0. thyellina and 0. antiqua with n = 11 and 14, respectively, were polykinetic. MTs were found connected with the entire poleward chromosomal surface. Attachment sites of MTs consisted of material of lesser electron density than the chromatin, and were situated in relatively deep recesses of the chromosomal surface. Distinct kinetochore plates as shown in E. kuehniella (Gassner & Klemetson, 1974; Wolf & Traut, 1991) were, however, not detected. Our interpretation of the polykinetic organization is illustrated in Fig. 5a . Each chromatid carries several attachment sites which are distributed throughout their surface. In the metaphase I bivalent, the chromatids are probably wound or somehow folded to expose the attachment sites to MTs. This arrangement could explain the roughly spherical appearance of the bivalents as well as their irregular surface in longitudinal sections. We suggest that the polykinetic organization in the two Orgyia species examined could evolve from originally localized kinetochores of their ancestor with the haploid chromosome number around 30; such numbers were reported for three other species of the same genus, 0. ericae and 0. recens (n = 30) and 0. leucostigma (n = 28) (see Robinson, 1971) . Chromosome fusions most probably took place in the evolution of the small chromosome numbers of 0. antiqua and 0. thyellina (cf. Suomalainen, 1969) . Then, polykinetic organization of the neochromosomes could be established provided that the chromosome fusions were not followed either by further rearrangements leading to fusions of kinetochore plates or inactivation of additional kinetochores. In contrast to the two Lepidoptera, metaphase I bivalents of the Trichoptera species, L. decipiens, with a haploid set of 10 chromosomes showed two distinct kinetochores located in shallow recesses at each poleward chromosomal surface. The two sites represent the kinetochores of two sister chromatids (for a scheme, see Fig. Sb) . A very similar kinetic organization has been described in another limnephilid, A. furcata, which has, however, n30 (Wolf et al., 1992) . The high number of chromosomes is characteristic for Limnephilidae, found in five of the 10 examined species of the genus Limnephilus; whereas it varies from 6 to 16 in the other five species (Lankhorst, 1970; Kiauta, 1971) . One can, therefore, expect that the low chromosome number in L. decipiens represents, similar to 0. antiqua and 0. thyellina, a derived character. In this case, however, genome rearrangements leading to the reduction of chromosome number did not result in a polykinetic organi- In mammalian cells, kinetochores are organized by specific DNA elements (Choo et a!., 1991) and this appears to be the case also in insects. The number of centromere-specific DNA sequences, The Genetical Society of Great Britain, Heredity, 79, 135-143. detected in this group, is increasing (for a review, see Wolf, 1996) . As a rule, the centromere-associated DNA is repetitive. It is plausible to assume that species-specific repetitive DNA is also involved in the formation of kinetochores in the Lepidoptera and Trichoptera. The highly diverging appearance of the kinetochores in the species examined in the present study suggests far-reaching differences in the distribution of the underlying DNA along the chromosomes. It is clustered in the Trichoptera and highly dispersed in the Lepidoptera. Thus, karyotype evolution in the Lepidoptera and Trichoptera differed widely. This is also apparent in the variability of the chromosome numbers. Whereas Trichoptera show moderate variation -the smallest and the highest chromosome numbers are 6 and 30, respectively, (Kiauta, 1971 ) -the Lepidoptera have a larger range in chromosome number than any other animal group (from n = 7 to n = c. 220) (Robinson, 1971; White, 1973; cf. also Wolf, 1994) .
Thus, dispersion of centromere-specific DNA is likely to render chromosomes more susceptible to or tolerant of karyotype rearrangements.
The appearance of the large metaphase I bivalents in L. decipiens is informative, because the individual kinetochore plates at the poleward chromosomal surface were up to 1.3 m apart from one another.
Principally the chromosomes are dicentric. Although transmissible dicentric chromosomes have been described (Ault & Lyttle, 1988; Wandall, 1994), this condition is usually correlated with a high rate of chromosome breakage and segregation. The reason for this behaviour lies in the risk that the two kinetochores of one poleward surface become oriented towards opposite spindle poles in metaphase.
Spindle forces consequently tear the chromosome apart. In the case of the Trichoptera chromosomes, however, either the distance between the individual kinetochores is too small and/or the chromosomes are too stiff to allow this kind of orientation. mactivation of centromeres, which has been observed in dicentric chromosomes of mammals (Earnshaw & Migeon, 1985) , can be ruled out in the present case, because MTs were associated with both kinetochores.
